Nanostructured Ni-doped skutterudites Co 1−x Ni x Sb 3 (with x ranging from 0.01 to 0.09) were prepared by ball milling and direct-current induced hot press. It was found that the thermal conductivity was reduced due to strong electron-phonon scattering from Ni-doping as well as phonon scattering from the increased grain boundary of the nanostructures. A maximum dimensionless figure-of-merit of 0.7 was obtained in Co 0 91 Ni 0 09 Sb 3 at 525 C.
CoSb 3 -based skutterudite materials have been widely studied as potential next generation thermoelectric materials because of their good dimensionless figure-of-merit (ZT), which is about 1. [1] [2] [3] [4] The undoped CoSb 3 is p-type with a ZT of about 0.2. Te-or Pd-doped CoSb 3 is n-type with a ZT of about 0.5 due to high thermal conductivity. 1 It has been demonstrated that the thermal conductivity was successfully lowered without disturbing the power factor by adding rattlers such as La and Ce for p-type, 2 whereas Yb, 3 Ba, 4 and Eu 5 for n-type into a large cage structure as R y CoSb 3 . In addition, the nanocomposite approach was applied in order to reduce the thermal conductivity by adding C 60 (Ref. [6] ) or Yb 2 O 3 . 7 Recently, Ni was successfully used to partially replace Co in the rattler-added skutterudites to make alloy skutterudites R y Co 1−x Ni x Sb 3 for further thermal conductivity reduction. [8] [9] [10] [11] [12] The conventional way to make the samples is: the elements with high purity were ratioed then mixed and sealed in quartz ampoule. The elements were then heated to above the melting temperature to form the skutterudite phase. Then quenched, pulverized, and finally compacted the powder into dense bulk by hot press. 1-5 Alternatively a chemical alloying route was used to make powder and hot press was used to compact the powders into a dense bulk sample. 8 9 Unfortunately the ZT was low due to possible chemical contamination during powder synthesis. 8 Subsequently, however, ZT was improved to 0.65 when Te was used to dope the samples in combination with Ni * Authors to whom correspondence should be addressed. alloy. 9 Considering the complicated steps taken in both the conventional and chemical routes, mechanical alloying by ball milling combined with hot press was successfully used to make a Ni-alloyed La-added skutterudite. Still, however, the ZT was less than 0.15. 10 In order to separate the effect of nanosize and alloying from rattler, we report the synthesis and characterization of nanostructured rattler-free Ni-alloyed skutterudites Co 1−x Ni x Sb 3 to see how efficient is the combined approach of alloying with nanostructuring on thermal conductivity reduction. In this paper, it is demonstrated that the combined approach is fairly efficient on reducing thermal conductivity leading to a ZT of 0.7 without rattler added, using a similar sample preparation procedure. 13 However, it is expected that a much higher ZT will be achieved when rattlers are added due to the scattering of shorter wavelength phonons by rattlers. This is a process that is being studied and will be reported in the future.
We chose x of 0.01, 0.04, 0.06, and 0.09 in Co 1−x Ni x Sb 3 to study the effect of alloying on the thermoelectric properties since Ni increased brittleness, we could not obtain a non-broken sample when Ni is more than 0.09. The samples were prepared in two steps: ball milling to make nanoparticles, and direct current induced hot press (dc hot press) to achieve full density while maintaining the nanosize. In the first step, appropriate quantities of high purity Co (99.998%, Alfa Aesar), Ni (99.996%, Alfa Aesar), and Sb (99.999%, Chengdu Chemphys Chemical Industry, China) were loaded into an alumina jar in an Ar-filled glove box and then ball milled for 25-50 hrs.
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Boston ZrO 2 balls were used according to the weight ratio of balls/chemicals = 10/1. In the second step, the powder was pressed into pellets by a dc hot press at a pressure of 60-160 MPa and a temperature of 550-780 C. This was done for 1-6 minutes in a 12.7 mm inner diameter graphite die. Finally, the annealed samples were polished to standard dimensions of 12.7 mm in diameter and 2 mm in thickness for a thermal conductivity measurement (LFA457, Netzsch), as well as X-ray diffraction (D8, Bruker). After the thermal conductivity measurement was taken, the discs were cut into bar samples with dimensions of 2 × 2 × 11 5 mm 3 . Then using a commercial system (ZEM-3, ULVAC-RIKO) to measure the Seebeck coefficient (S) and electrical conductivity ( ). The fractured fresh surface was investigated by SEM (JEOL 6340F) in order to get a closer look at the grain size and uniformity. A cross sectional sample was also prepared for TEM investigation (JEOL 2010) of grain size and crystallinity.
X-ray diffraction of the ball milled powder indicates that only a fraction of the powder was alloyed after ball milling and did not change after a much longer ball milling time.
After hot press, all of the powders made a complete transformation into a skutterudite phase. Figure 1 
press. The peaks are fully indexed according to the standard skutterudite phase. Figure 2 shows the SEM image of Co 0 99 Ni 0 01 Sb 3 . It indicates that there are two types of particles, larger ones of about 1 m in bar shape and smaller ones of about 0.2-0.3 m in spherical shape. We guess that the larger ones grew from the alloyed powders. They also grew faster than the smaller ones from unalloyed powder. To make the final size uniform and small, we found that it is best to avoid alloying during the ball milling process. We still face a challenge however, how can we prevent alloying and still get a nanosize? We feel cryo-mill maybe the solution, the question is being investigated now. hundred nanometers), (b) high resolution TEM image indicating the clean grain boundary and excellent crystallinity of the grains, which shows why the electrical conductivity does not decrease too much even though the interface increased significantly. Figure 4 (a) shows the temperature dependence of electrical conductivity of Co 1−x Ni x Sb 3 with x = 0 01, 0.04, 0.06, and 0.09. It clearly shows that the electrical conductivity increases with increasing Ni content, due to the increased carrier concentration from d-Ni states and the opening of an additional electron Fermi surface pocket. 12 14 The temperature dependence of the Seebeck coefficient is displayed in Figure 4 (b). All samples have negative Seebeck coefficients, indicating that the dominant carriers are electrons. Seebeck coefficients increase with the rising temperature, reaching a maximum value at a certain temperature then decreasing as the temperature rises again. The samples with different Ni content showed similar temperature dependence from room temperature to the temperature with maximum S. We also observed a different temperature dependence above the temperature with maximum S.
Thermal conductivity is a crucial factor in thermoelectric performance. The total thermal conductivity of the samples is shown in Figure 4 (c). All samples possess thermal conductivity between 3.2 and 5.7 W/mK at room temperature, then decrease to 2.7-3.4 W/mK at ∼300 C. Such a low thermal conductivity in rattler-free skutterudites has never been observed before. 3 There are two major reasons for this. The first is the Ni substitution which causes stronger "electron-phonon scattering" yielding a lower lattice thermal conductivity (k L ). 2 14 k L values are estimated by subtracting the electronic contribution k e from the total thermal conductivity. The Weidemann-Franz relation (k e = L 0 T ) with Lorentz constant L 0 = 2 0 × 10 −8 V 2 /K 2 for heavily doped semiconductors is applied to estimate k e . The inset in Figure 4 (c) shows the calculated k L of each sample. It clearly shows that k L decreases as Ni content increases. Therefore, it can be concluded that Ni-alloying decreases lattice thermal conductivity. The second reason for low thermal conductivity is the nanosize of the grains (200-500 nm, Fig. 3(a) ) which causes a strong interface/ grain boundary scattering of phonons. 13 15 The bulk Pddoped n-type CoSb 3 had minimum thermal conductivity above 4 W/mk whereas our nanostructured samples have k L below 3 W/mk. Figure 4 (d) shows the ZT dependence on temperature from room temperature to 600 C. A peak ZT for each sample was observed; the more the Ni, the larger the maximum ZT. This finding was different from previous reports. 11 16 Furthermore, the peak ZT also shifted to a higher temperature when more Ni content was added. However, as the Ni content further increased, ZT did not increase more because the power factor (inset in Fig. 4(d) ) did not benefit. In addition, the mechanical property of samples with x > 0 09 was so poor that crack-free samples could not be obtained. The maximum ZT achieved in this study is 0.7 for the samples with x = 0 09. The ZT value is very encouraging since there are no rattlers used. Naturally we would expect a much higher ZT if rattler such as Yb, Eu, etc. is used. This is because the combined effects of alloying, nanostructures, and rattling can lower thermal conductivity even more.
Even though we measured the electrical conductivity and Seebeck coefficient in one direction whereas thermal conductivity in the perpendicular direction, we also made samples of 25.4 mm in diameter and 15 mm in length on one composition for checking the isotropy of the individual properties. We did not find any anisotropy on properties.
In summary, n-type Co 1−x Ni x Sb 3 samples with x = 0 01, 0.04, 0.06, and 0.09 have been prepared by ball milling and dc hot press. A maximum ZT of 0.7 was obtained in samples Co 0 91 Ni 0 09 Sb 3 . The beneficial effect of Ni-alloying was also confirmed in ZT enhancement. "Electron-phonon scattering" and interface/grain boundary phonon scattering were found to be major reasons for the thermal conductivity decrease which ultimately lead to improved ZT.
